Abstract. In the present paper examples for propagating and non-propagating conditions of slip bands and short fatigue cracks in a ferritic-austenitic duplex steel are given, which were quantified by means of SEM in combination with automated EBSD. To classify the results within the scope of predicting the service life under HCF-and VHCF-loading conditions a numerical model based on the boundary-element method has been developed, where crack propagation is described by means of partially irreversible dislocation glide on crystallographic slip planes in a polycrystalline model microstructure (Voronoi cells). This concept is capable to account for the strong scattering in fatigue life for very small strain amplitudes and to contribute to the concept of tailored microstructures for improved cyclic-loading behaviour.
Introduction
Fatigue-life prediction for loading conditions with very small strain amplitudes, i.e., high-cycle fatigue (HCF), is mostly based on S/N diagrams in the range of the conventional fatigue limit, for carbon steels mostly correlated with a critical number of cycles of N FL =2⋅10 6 . It is now becoming widely accepted that the conventional fatigue-limit concept does not imply complete reversibility of plastic strain. Local irreversibility of dislocation motion during macroscopically elastic deformation (cf. [1, 2] ) causes slip-band formation and eventually crack initiation and growth far below the fatigue limit. However, if the propagating crack tip encounters microstructural barriers, such as, e.g., grain boundaries or second phases, the crack-propagation rate is significantly reduced or comes to zero [3] . If crack arrest occurs even for the weakest barrier the fatigue limit is reached. The idea to correlate the fatigue limit with the development of slip bands and microstructurally short cracks is based on the models of Tanaka and Mura [4] and Navarro and de los Rios [5] , respectively.
Following this analysis, it is obvious that single or multiple overloads may cause fatigue cracks to overcome the barrier and propagation to resume. Hence, the fatigue life can be finite even for loading cases below the fatigue limit and for number of cycles being orders of magnitude higher than 10 6 . The relevant damage mechanisms in the very high cycle fatigue regime (VHCF) are mostly correlated with stress/strain localization in the vicinity of small inclusions existing in any technical material. Since VHCF damage occurs at very low plastic strain amplitudes between ∆ε/2=10 -5 and ∆ε/2=10 -4 crack initiation is not necessarily limited to the surface where plane-stress conditions prevail. Several authors report about internal crack initiation (under high-vacuum conditions) to be observed as "fisheyes" or optically dark areas (ODA) [6, 7] within the fracture surface. This kind of crack initiation was observed also in the present work on duplex steel but rather as an exception not as the rule.
Crack Initiation
Due to elaborated metallurgy during production of 1.4462 duplex steel both density and size of inclusions are very small. Only in rare cases they could be identified as crack initiation sites. VHCF cyclic deformation tests carried out using a 1000Hz MTS servohydraulic as well as a 20kHz ultrasonic testing system revealed mostly very localized development of slip bands in γ-austenite grains. This is in contradiction to the work of Chai [8, 9] , who observed plastic deformation limited to the α grains. However, it is worth mentioning that by alloying and/or heat treatment the strength distribution between the two phases in duplex steel can strongly vary, cf. [10] . Fig. 1 shows an example of pronounced slip bands in an austenite grain for the electropolished surface of a run-out specimen (10 8 cycles). The crystallographic orientations of the surface grains were measured by means of automated electron back-scattered diffraction (EBSD) in the scanning electron microscope (SEM), cf. Fig. 1b . The respective data were used to generate a quasi-2D mesh of the microstructure shown in Fig. 1a and 1b for a finite-element (FE) calculation taking elastic anisotropy and crystal plasticity into account. The {111}-type slip bands marked by an arrow in Fig. 1a (grain 1 in Fig. 1b and 1c) are of a very high Schmid factor of M S =0.49 with respect to the applied loading axis. The high resolved shear stresses are superimposed by local stress peaks due to elastic anisotropy and consequently, visible slip steps (slip bands) were developed. This is in agreement with the results of the elastic-plastic FE calculations shown in Fig. 1c , where grain 1 exhibits particular high shear stresses. The slip bands (Fig. 1a) seem not to be able to overcome the adjacent grain and phase boundaries. Hence, locally the fatigue limit is not exceeded. According to the differentiation between a fatigue limit for persistent-slip-band formation and an slip irreversibility limit as proposed by Mughrabi [2] , it has to be subject of further research with very high numbers of cycles (N f >10 8 cycles) in order to identify the nature of the fatigue limit.
Conditions for Crack Propagation
Following the definition that the fatigue limit is reached once a crack or a slip band is not able to overcome a microstructural barrier it can be concluded that single or multiple overloads may strongly affect the HCF and VHCF behaviour. This is illustrated by Fig. 2 showing a microstructurally short fatigue crack stopped at a grain boundary after 460,000 cycles [11] . Only when applying ten 50% overloads after 600,000 cycles the crack was forced to overcome the barrier and to propagation resumed. In other words, the barrier effect of the boundary, which can be considered as a local fatigue-limit condition, disappeared due to a few overloads.
Materials Structure & Micromechanics of Fracture V
This kind of observation is included in a two-dimensional numerical short crack model, cf. [12] [13] [14] [15] [16] , where crack propagation driven by single slip is represented by a yield-strip approach where the crack and the adjacent crystallographic slip bands are being meshed by boundary elements. By means of the boundary elements the crack-tip slide displacement ∆CTSD can be calculated as a function of the crack length, the crystallographic orientation (determining the crack path), the distance between the crack tip and the adjacent barrier, and the occurrence of crack closure during complete fatigue cycles. Assuming ∆CTSD to be partially irreversible, with a constant C representing the irreversible fraction of ∆CTSD, the crack-propagation rate da/dN can be calculated as
Besides the microstructural data, e.g. grain size and stereological parameters, the model requires the cyclic shear stress for dislocation motion (friction stress) and the critical stress for activation of slip systems (activation of dislocation sources) in the neighboring grains. These data were experimentally determined by means of a Hall-Petch analysis [11, 14] . a b Fig. 2 : Microstructurally short crack in a duplex steel: (a) crack arrest at an αα grain boundary between 460,000 and 600,000 cycles (∆σ/2 = 350 MPa) and (b) crack propagation resumed after overcoming the grain boundary due to application of ten 50%-overload cycles [11] .
The advantage of the numerical approach is its applicability to arbitrary synthetic microstructures, which were generated based on the Voronoi algorithm and then adjusted to the stereological parameters of the duplex steel, e.g., grain size distribution, contiguity etc. The results of the EBSD measurements were used to assign crystallographic orientations to each individual grain. The respective crack path determined the crack-propagation rate, the contribution of crack-closure effects and the transition from stage Ia (single-slip crack propagation) to stage Ib (double-slip crack propagation) and to stage II (multi-slip crack propagation) [3, 11, 13, 15] . The number of cycles to fracture is reached as soon as the crack length exceeds a critical value where instable crack-propagation sets in. Figure 3 shows the results of a series of simulations plotted within a S/N diagram reflecting the strong scatter in fatigue life lying in the same order of magnitude than the experimentally measured fatigue-life data.
Concluding Remarks
Owing to the fact that there is only poor quantitative knowledge about the micromechanisms of fatigue damage in the high-cycle and the very high cycle fatigue regime (HCF/VHCF) a systematic experimental and theoretical study has been suggested where high-frequency fatigue testing in combination with microtexture analysis by means of automated EBSD provides information about the relationship between early fatigue damage in form of slip-band and microcrack formation and the local stress/strain state. The microstructure has been represented by finite-element meshes of the complete grain morphology to calculate the stress distribution due to elastic and plastic anisotropy as well as by boundary elements, which are used to calculate partially irreversible cyclic deformation restricted to individual slip bands in the early state of the fatigue life. Even though, the modeling concept is of mesoscopic nature and does not account for dislocation dynamics on an atomic length scale, it provides insights in the mechanisms of slip transfer across grain and phase boundaries and the significance of the transient stage of crack closure. Coupling of the resolvedshear-stress calculation with the boundary-element approach and the implementation of the third dimension to account for internal crack initiation is subject of ongoing research.
